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(54) A permanent magnet rotor for an axial flux electrical machine of a mobile working machine

(57) A permanent magnet rotor (101) for an axial flux
electrical machine of a mobile working machine compris-
es a shaft (102), a body (103) made of electrically non-
conductive material and connected to the shaft, and per-
manent magnet pole-modules (104) attached to the body
and having an axis of magnetization in an axial direction
(z) parallel to the shaft. The permanent magnet pole-
modules comprise, at least on their outmost regions in
the axial direction, structures (105, 107) consisting of
parts that are electrically insulated from each other so as
to reduce eddy currents in the outmost regions in the
axial direction. Losses caused by the air-gap flux har-
monics are reduced because the body of the rotor is
made of electrically non-conductive material and be-
cause the permanent magnet pole-modules comprise
the structures consisting of parts that are electrically in-
sulated from each other.
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Description
Field of the invention

[0001] Theinvention relates generally to rotating elec-
trical machines. More particularly, the invention relates
to a permanent magnet rotor for an axial flux electrical
machine of a mobile working machine. Furthermore, the
invention relates to an axial flux electrical machine for a
mobile working machine. Furthermore, the invention re-
lates to a mobile working machine.

Background

[0002] Rotating electrical machines, such as motors
and generators, generally comprise a rotor and a stator
which are arranged such that a magnetic flux is devel-
oped between these two. In a permanent magnet ("PM")
electrical machine, a number of permanent magnets are
usually mounted on the rotor, while the stator is provided
with stator windings. The permanent magnets and elec-
trical currents in the stator windings cause a magnetic
flux to flow across the air gap between the rotor and the
stator.

[0003] An axial flux electrical machine is advanta-
geous especially in applications in which the axial length
of the electrical machine should be as small as possible.
A permanent magnet rotor of an axial flux electrical ma-
chine comprises typically a shaft, a body connected to
the shaft, and permanent magnet pole-modules each of
which being attached to the body and having an axis of
magnetization in an axial direction parallel to the shaft.
The stator of the axial flux electrical machine comprises
typically, but not necessarily, two stator elements that
are opposed to each other with the permanent magnet
rotor interposed therebetween. Each coil of the stator
winding has a magnetic axis directed axially parallel to
the shaft of the permanent magnet rotor.

[0004] In order to minimize the hysteresis and eddy
current losses in the permanent magnets of the rotor, the
stator should produce as little as possible such compo-
nents of the air-gap magnetic flux distribution which do
not travel at the synchronous speed, i.e. at the speed of
the air-gap surface of the rotor. As commonly known, the
above-mentioned harmful components of the air-gap
magnetic flux distribution are attempted to be minimized
by using stator windings which are distributed into a plu-
rality of stator slots per pole per phase. A stator having
distributed stator windings of the kind mentioned above
is however more complex and expensive to manufacture
than a stator having simple concentrated stator windings
where each coil is located around a salient stator pole.

Summary
[0005] The following presents a simplified summary in

order to provide a basic understanding of some aspects
of various invention embodiments. The summary is not
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an extensive overview of the invention. It is neither in-
tended to identify key or critical elements of the invention
nor to delineate the scope of the invention. The following
summary merely presents some concepts of the inven-
tion in a simplified form as a prelude to a more detailed
description of exemplifying embodiments of the inven-
tion.

[0006] In accordance with the first aspect of the inven-
tion, there is provided a new permanent magnet rotor for
an axial flux electrical machine of a mobile working ma-
chine. The permanent magnet rotor comprises:

- ashaft,

- abody made of electrically non-conductive material
and connected to the shaft, and

- permanent magnet pole-modules each of which be-
ing attached to the body and having an axis of mag-
netization in an axial direction parallel to the shaft,

wherein the permanent magnet pole-modules comprise,
at least in their outmost regions in the axial direction,
structures consisting of parts that are electrically insulat-
ed from each other so as to reduce eddy currents in the
outmost regions in the axial direction.

[0007] In a permanent magnet rotor according to an
advantageous embodiment of the invention, each of the
permanent magnet pole-modules comprises a first fer-
romagnetic layer, a permanent magnet core-part, and a
second ferromagnetic layer sandwiched in the axial di-
rection so that the permanent magnet core-part is be-
tween the first and second ferromagnetic layers, and the
first and second ferromagnetic layers comprise ferro-
magnetic parts that are electrically insulated from each
other. In this case, the first and the second ferromagnetic
layers represent the structures consisting of parts that
are electrically insulated from each other.

[0008] The above-described permanent magnet rotor
is suitable for an axial flux electrical machine which in-
cludes concentrated stator windings so that each stator
coil is located around a salient pole of a stator core. The
salient poles of the stator cause relatively strong harmon-
ics to the magnetic flux density distribution in the air-gap,
but the losses caused by these harmonics are reduced
because the body of the rotor is made of electrically non-
conductive material and because, from the viewpoint of
the harmonics, the permanents magnets are located be-
hind the first and second ferromagnetic layers made of
parts that are electrically insulated from each other. The
first and second ferromagnetic layers can be, for exam-
ple, stacks of insulated steel sheets which are stacked
in a direction perpendicular to the shaft of the permanent
magnet rotor, or the first and second ferromagnetic layers
can be made of, for example, ferrite, or block of iron pow-
der composite.

[0009] In a permanent magnet rotor according to an-
other embodiment of the invention, permanent magnets
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of the permanent magnet pole-modules are composed
of electrically insulated pieces of permanent magnet ma-
terial stacked in a direction perpendicular to the shaft. In
this case, the permanent magnets represent the struc-
tures consisting of parts that are electrically insulated
from each other. Also a permanent magnet rotor of this
kind is suitable for an axial flux electrical machine which
includes concentrated stator windings so that each stator
coil is located around a salient pole of a stator core, be-
cause permanent magnets composed of electrically in-
sulated pieces of permanent magnet material are not so
vulnerable to air-gap flux harmonics as monolithic per-
manent magnets.

[0010] In accordance with the second aspect of the
invention, there is provided a new axial flux electrical ma-
chine for a mobile working machine. The axial flux elec-
trical machine comprises:

- apermanent magnet rotor comprising a shaft, a body
made of electrically non-conductive material and
connected to the shaft, and permanent magnet pole-
modules each of which being attached to the body
and having an axis of magnetization in an axial di-
rection parallel to the shaft, and

- astator having a stator core and concentrated stator
windings each coil of which being located around a
stator pole and having a magnetic axis directed ax-
ially parallel to the shaft of the permanent magnet
rotor,

wherein the permanent magnet pole-modules comprise,
at least in their outmost regions in the axial direction,
structures consisting of parts that are electrically insulat-
ed from each other so as to reduce eddy currents in the
outmost regions in the axial direction.

[0011] In accordance with the third aspect of the in-
vention, there is provided a new mobile working machine.
The mobile working machine comprises:

- acombustion engine, and

- an electromechanical power transmission chain be-
tween the combustion
engine and one or more wheels of the mobile working
machine,

wherein the electromechanical transmission chain com-
prises at least one axial flux electrical machine that com-
prises:

- apermanent magnet rotor comprising a shaft, a body
made of electrically non-conductive material and
connected to the shaft, and permanent magnet pole-
modules each of which being attached to the body
and having an axis of magnetization in an axial di-
rection parallel to the shaft, and
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- a stator having concentrated stator windings each
coil of which being located around a stator pole and
having a magnetic axis directed axially parallel to the
shaft of the permanent magnet rotor,

wherein the permanent magnet pole-modules comprise,
at least in their outmost regions in the axial direction,
structures consisting of parts that are electrically insulat-
ed from each other so as to reduce eddy currents in the
outmost regions in the axial direction.

[0012] The mobile working machine comprises prefer-
ably a liquid cooling system arranged to cool both a hy-
draulic system of the mobile working machine and the
electromechanical power transmission chain. The mobile
working machine can be, for example, a tractor, a bucket
charger, a road drag, a bulldozer, or any other working
machine having wheels and/or chain tracks.

[0013] A number of exemplifying embodiments of the
invention are described in accompanied dependent
claims.

[0014] Various exemplifying embodiments of the in-
vention both as to constructions and to methods of op-
eration, together with additional objects and advantages
thereof, will be best understood from the following de-
scription of specific exemplifying embodiments when
read in connection with the accompanying drawings.
[0015] The verb "to comprise" is used in this document
as an open limitation that neither excludes nor requires
the existence of unrecited features. The features recited
in depending claims are mutually freely combinable un-
less otherwise explicitly stated.

Brief description of the figures

[0016] The exemplifying embodiments of the invention
and their advantages are explained in greater detail be-
low in the sense of examples and with reference to the
accompanying drawings, in which:

figure 1a shows a section view of an axial flux elec-
trical machine according to an embodiment of the
invention,

figure 1b shows a permanent magnet rotor according
to an embodiment of the invention seen from the
axial direction,

figure 2 shows a section view of an axial flux electrical
machine according to an embodiment of the inven-
tion, and

figure 3 shows an illustration of a mobile working
machine according to an embodiment of the inven-
tion.

Description of the embodiments

[0017] Figure 1 a shows a section view of an axial flux
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electrical machine according to an exemplifying embod-
iment of the invention. In figure 1a, the positive and neg-
ative z-directions of a coordinate system 199 represent
the axial direction. The axial flux electrical machine com-
prises a stator 113 and a permanent magnet rotor 101.
The stator comprises a stator core 111 and concentrated
stator windings 112. Each coil of the stator windings is
located around a salient stator pole and has an axially
directed magnetic axis. Figure 1b shows the permanent
magnet rotor 101 seen along the arrow A shown in figure
1 a. The permanent magnet rotor 101 comprises a shaft
102, a body 103 made of electrically non-conductive ma-
terial and connected to the shaft, and permanent magnet
pole-modules 104 attached to the body. Each of the per-
manent magnet pole-modules 104 has an axis of mag-
netization in the positive or negative z-direction parallel
to the shaft 102. The body 103 can be made of, for ex-
ample, fiber reinforced plastics. Each of the permanent
magnet pole-modules comprises a first ferromagnetic
layer 105, a permanent magnet core-part 106, and a sec-
ond ferromagnetic layer 107 sandwiched in the axial di-
rection so that the permanent magnet core-part is be-
tween the first and second ferromagnetic layers. In fig-
ures 1 aand 1 b "N" means the north poles of the per-
manent magnets and "S" means the south poles of the
permanent magnets. The first and second ferromagnetic
layers 105 and 107 are composed of ferromagnetic parts
that are electrically insulated from each other in order to
reduce eddy currents caused by magnetic flux variations
in the first and second ferromagnetic layers. The first and
second ferromagnetic layers 105 and 107 can be, for
example, stacks of insulated steel sheets which are
stacked in a direction perpendicular to the shaft. In the
exemplifying case shown in figures 1 a and 1 b, the in-
sulated steel sheets are stacked in the radial direction
but, as well, the insulated steel sheets could be stacked
for example in the tangential direction. Furthermore, the
first and second ferromagnetic layers 105 and 107 can
be made of ferrite or iron powder composites such as
SOMALOY® (Soft Magnetic Composite). The salient
poles of the stator core 111 cause relatively strong har-
monics to the magnetic flux density distribution in the air-
gap between the stator and the rotor, but the losses
caused by these harmonics are reduced because the
body of the rotor is made of electrically non-conductive
material and because, from the viewpoint of the harmon-
ics, the permanents magnets are located behind the first
and second ferromagnetic layers made of parts that are
electrically insulated from each other.

[0018] In a permanent magnet rotor according to an
embodiment of the invention, the permanent magnet
core-part 106 comprises a first block 108 made of per-
manent magnet material, a ferromagnetic center block
109, and a second block 110 made of the permanent
magnet material. These blocks are sandwiched in the
axial direction so that the ferromagnetic center block is
between the first and second blocks made of the perma-
nent magnet material. The ferromagnetic center block
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109 can be made of, for example, solid steel.

[0019] In a permanent magnet rotor according to an
embodiment of the invention, the axial thicknesses of the
first and second ferromagnetic 105 and 107 layers are
greater than or equal to 4 mm and advantageously on
the range 4 - 8 mm.

[0020] The axial flux electrical machine shownin figure
1 a has two stator elements that are opposed to each
other with the permanent magnet rotor interposed ther-
ebetween. It is also possible that an axial flux electrical
machine according to an embodiment of the invention
has a stator core only on one side of the rotor in which
case the ferromagnetic layers covering the permanent
magnet core-parts on the other side of the rotor are ar-
ranged to extend over several permanent magnet pole-
modules so as to form yokes between the respective per-
manent magnet core-parts.

[0021] Figure 2 shows a section view of an axial flux
electrical machine according to an exemplifying embod-
iment of the invention. In figure 2, the positive and neg-
ative z-directions of a coordinate system 299 represent
the axial direction. Only an upper half of the electrical
machine is shown in figure 2. The axial flux electrical
machine comprises a stator 213 and a permanent mag-
netrotor 201. The stator comprises a stator core 211 and
concentrated stator windings 212. Each coil of the stator
windings is located around a salient stator pole and has
an axially directed magnetic axis. The permanent magnet
rotor 201 comprises a shaft 202, a body 203 made of
electrically non-conductive material and connected to the
shaft, and permanent magnet pole-modules 204 at-
tached to the body. Each of the permanent magnet pole-
modules 204 has an axis of magnetization in the positive
or negative z-direction parallel to the shaft 202. The body
203 can be made of, for example, fiber reinforced plas-
tics. Each of the permanent magnet pole-modules com-
prises permanent magnets 208 and 210, and a ferromag-
netic center block 209. In figure 2 "N" means the north
poles of the permanent magnets and "S" means the south
poles of the permanent magnets. The permanent mag-
nets 208 and 209 are composed of pieces of permanent
magnet material that are electrically insulated from each
other in order to reduce eddy currents caused by mag-
netic flux variations in the permanent magnets. The per-
manent magnets 208 and 209 can be, for example,
stacks of insulated slices of permanent magnet material
which are stacked in a direction perpendicular to the
shaft. In the exemplifying case shown in figure 2, the
insulated slices are stacked in the radial direction but, as
well, the insulated slices could be stacked for example
in the tangential direction. The salient poles of the stator
core 211 cause relatively strong harmonics to the mag-
netic flux density distribution in the air-gap between the
stator and the rotor, but the losses caused by these har-
monics are reduced because the body of the rotor is
made of electrically non-conductive material and be-
cause the permanent magnets are composed of insulat-
ed pieces of permanent magnet material.
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[0022] Inthe exemplifying embodiment of the invention
illustrated in figure 2, the body 203 and the permanent
magnet pole-modules 204 are shaped so as to lock the
permanent magnet pole-modules to the body. In this ex-
emplifying case, the body comprises closed cavities for
the permanent magnet pole-modules. However, many
different shapes are possible for obtaining the locking
effect. The body can be composed of two halves that are
joined together in the axial direction, or alternatively the
body can be cast around the permanent magnet pole-
modules.

[0023] The axial flux electrical machine shown in figure
2 has two stator elements that are opposed to each other
with the permanent magnet rotor interposed therebe-
tween. It is also possible that there is a stator core only
on one side of the rotor in which case the rotor comprises
yokes between relevant permanent magnet pole-mod-
ules on the other side.

[0024] Figure 3 shows an illustration of a mobile work-
ing machine 320 according to an embodiment of the in-
vention. In this exemplifying case, the mobile working
machine is a bucket charger but the mobile working ma-
chine could as well be a tractor, a road drag, a bulldozer,
orany other working machine having wheels and/or chain
tracks. The mobile working machine comprises a com-
bustion engine 321 that can be e.g. a diesel engine, an
Otto-cycle engine, or a turbine engine. The mobile work-
ing machine comprises an electromechanical power
transmission chain 322 between the combustion engine
and wheels 330, 331 of the mobile working machine. The
electromechanical transmission chain comprises a gen-
erator 323 the rotor of which is connected to the shaft of
the combustion engine. The electromechanical transmis-
sion chain comprises a frequency converter 329 and
electrical motors 324, 325 at the hubs of the wheels of
the mobile working machine. The frequency converter
329is arranged to convert the electrical voltage produced
by the generator 323 into electrical voltages having am-
plitudes and frequencies suitable for the electrical motors
324, 325. The frequency converter may have separate
output stages for all the electrical motors 324, 325 in
which case each electrical motor can be controlled indi-
vidually, or all the electrical motors 324, 325 can be con-
nected to one and the same output stage of the frequency
converter in which case the electrical motors are control-
led as a group. The electrical motors 324, 325 are axial
flux electrical machines each of which comprises:

- arotor comprising a shaft, abody made of electrically
non-conductive material and connected to the shaft,
and permanent magnet pole-modules each of which
being attached to the body and having an axis of
magnetization in an axial direction parallel to the
shaft, and

- a stator having concentrated stator windings each
coil of which being located around a salient stator
pole and having a magnetic axis directed axially par-
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allel to the shaft of the rotor.

[0025] The permanent magnet pole-modules of the ro-
tor comprise, at least in their outmost regions in the axial
direction, structures consisting of parts that are electri-
cally insulated from each other so as to reduce eddy cur-
rents in the outmost regions in the axial direction. For
example, each permanent magnet pole-module may
comprise afirstferromagnetic layer, a permanent magnet
core-part, and a second ferromagnetic layer sandwiched
in the axial direction so that the permanent magnet core-
partis between the first and second ferromagnetic layers,
where the first and second ferromagnetic layers comprise
ferromagnetic parts that are electrically insulated from
each other. For another example, permanent magnets
of the permanent magnet pole-modules can be com-
posed of electrically insulated pieces of permanent mag-
net material stacked in a direction perpendicular to the
shaft, in which case the permanent magnets represent
the structures consisting of parts that are electrically in-
sulated from each other.

[0026] In a mobile working machine according to an
embodiment of the invention, also the generator 323 is
an axial flux electrical machine of the kind described
above. It is also possible that only the generator 323 is
an axial flux electrical machine of the kind described
above, and the electrical motors 324, 325 are electrical
machines of some other kind.

[0027] A mobile working machine according to an em-
bodiment of the invention comprises a liquid cooling sys-
tem 326 arranged to cool the electromechanical power
transmission chain 322.

[0028] A mobile working machine according to an em-
bodiment of the invention comprises a liquid cooling sys-
tem arranged to cool both a hydraulic system 327 of the
mobile working machine and the electromechanical pow-
er transmission chain 322.

[0029] A mobile working machine according to an em-
bodiment of the invention comprises a liquid cooling sys-
tem arranged to cool both the electromechanical power
transmission chain 322 and the combustion engine 321.
[0030] In a mobile working machine according to an
embodiment of the invention, the electromechanical
power transmission chain comprises a battery 328 ar-
ranged to respond to peak power needs exceeding the
maximum power of the combustion engine 321. The bat-
tery can be connected, for example, to a direct voltage
intermediate circuit of the frequency converter 329.
[0031] The specific examples provided in the descrip-
tion given above should not be construed as limiting.
Therefore, the invention is not limited merely to the em-
bodiments described above.

Claims

1. A permanent magnet rotor (101, 201) for an axial
flux electrical machine of a mobile working machine,
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the permanent magnet rotor comprising:

- a shaft (102, 202),

- a body (103, 203) connected to the shaft, and
- permanent magnet pole-modules (104, 204)
each of which being attached to the body and
having an axis of magnetization in an axial di-
rection parallel to the shaft,

characterized in that the body is made of electri-
cally non-conductive material, and the permanent
magnet pole-modules comprise, at least in their out-
most regions in the axial direction, structures con-
sisting of parts that are electrically insulated from
each other so as to reduce eddy currents in the out-
most regions in the axial direction.

A permanent magnet rotor according to claim 1,
wherein each of the permanent magnet pole-mod-
ules comprises a first ferromagnetic layer (105), a
permanent magnet core-part (106), and a second
ferromagnetic layer (107) sandwiched in the axial
direction so that the permanent magnet core-part is
between the first and second ferromagnetic layers,
and the first and second ferromagnetic layers com-
prise ferromagnetic parts that are electrically insu-
lated from each other, the first and the second fer-
romagnetic layers representing the structures con-
sisting of parts that are electrically insulated from
each other.

A permanent magnet rotor according to claim 2,
wherein the first and second ferromagnetic layers
are stacks of insulated steel sheets which are
stacked in a direction perpendicular to the shaft.

A permanent magnet rotor according to claim 2,
wherein the first and second ferromagnetic layers
are made of iron powder composite.

A permanent magnet rotor according to claim 4,
wherein the iron powder composite is ferrite.

A permanent magnet rotor according to any of claims
1-5, wherein the permanent magnet core-part com-
prises a first block (108) made of permanent magnet
material, a ferromagnetic center block (109), and a
second block (110) made of permanent magnet ma-
terial sandwiched in the axial direction so that the
ferromagnetic center block is between the first and
second blocks.

A permanent magnet rotor according to any of claims
1-6, wherein axial thicknesses of the first and second
ferromagnetic layers are at least 4 mm.

A permanent magnet rotor according to claim 1,
wherein permanent magnets (208, 210) of the per-
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10.

11.

12.

13.

14.

15.

16.

manent magnet pole-modules are composed of
electrically insulated pieces of permanent magnet
material stacked in a direction perpendicular to the
shaft, the permanent magnets representing the
structures consisting of parts that are electrically in-
sulated from each other.

A permanent magnetrotor according to any of claims
1-8, wherein the body (203) and the permanent mag-
net pole-modules (204) are shaped to lock the per-
manent magnet pole-modules to the body.

A permanent magnet rotor according to claim 9,
wherein the body is composed of two halves joined
together in the axial direction.

A permanent magnet rotor according to claim 9,
wherein the body has been cast around the perma-
nent magnet pole-modules.

An axial flux electrical machine for a mobile working
machine, the axial flux electrical machine compris-

ing:

- a permanent magnet rotor (101) according to
any of claims 1-11, and

- a stator (113) having a stator core (111) and
concentrated stator windings (112) each coil of
which being located around a stator pole and
having a magnetic axis directed axially parallel
to the shaft of the permanent magnet rotor.

A mobile working machine (320) comprising:

- a combustion engine (321), and

- an electromechanical power transmission
chain (322) between the combustion engine and
one or more wheels (330, 331) of the mobile
working machine,

wherein the electromechanical transmission chain
comprises at least one axial flux electrical machine
(323-325) according to claim 12.

A mobile working machine according to claim 13,
wherein the mobile working machine comprises a
liquid cooling system (326) arranged to cool the elec-
tromechanical power transmission chain.

A mobile working machine according to claim 14,
wherein the liquid cooling system is arranged to cool
both the electromechanical power transmission
chain and a hydraulic system (327) of the mobile
working machine.

A mobile working machine according to claim 14,
wherein the liquid cooling system is arranged to cool
both the electromechanical power transmission
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chain and the combustion engine.

17. A mobile working machine according to any of claims
13-16, wherein the electromechanical power trans-
mission chain comprises a battery (328) arranged to
respond to peak power needs exceeding the maxi-
mum power of the combustion engine.
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